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Abstract 

Naval Research Laboratory (NR,L) on-orbit analysis of GPS NAVSTAR cesium 
and rubidium clocks has been performed using a three-year database that extended 
from 1 Jan., 1986 to 31 Dee., 1988. The NAVSTAR clock oflsct nleasurcments were 
computed from pseudo-range data observed lisirlg a single frequency GPS receiver. 
Time and frequency inputs were derived from the TJS. Naval Observatory (USNO) 
time ensemble. Orbital data was obtained from the NAVSTAR l~roadcast ephemeris. 

A key feature of the NRL NAVSTAR clock analysis is the capability to analyze 
phase and frequency discontinuties, solve for the disconti~mity, and correct the clock 
data. This feature was developed primarily as a means to solve and correct for the 
NAVSTAR time or frequency adjustments that are required t,o keep NAVSTAR clock 
time close to EPS time. Discontinuties arc analyzed to find both t.hc amount and the 
probable cause for the break. This feature makes possible the use of sarnple times of 
100-daya or more, and the analysis of data to identify and lnodul long term clock, 
system, and environmental effects. 

Results for this NAVSTAR clock analysis will include the  presentation of clock off- 
set, frequency offset, and aging as a function of time. The NAVSTAR eclipse cycles will 
be superimposed on selected plots to demonstrate temperature sexlsitivity on several 
rubidium clocks. Clock performance in the time domain will I>c characterized using 
frequency stability profiles with sample times that vary from 1 to 100-days. Included 
in this analysis is the impact of clock aging on NAVSTAX. fi-cquenry stability perfor- 
mance. It is demonstrated that uncorrected aging on the order of 1 x 10-13/day has 
a measurable effect on NAVSTAR one-day frequency stability. It is further demon- 
strated that uncorrected aging on the order of I x 1O-'"day has negligible irrlpact on 
one-day frequency stability and only a small effect on 100-day frcclucncy ~tabilit~y. 

The NAVSTAR rubidium clocks varied considerably in frcqucrlcy stability results. 
The earlier NAVSTAR rubidium clocks have significant te~aperature rnefficients. The 
four NAVSTAR cesium clocks demonstrated excellent a11ci corlsisterlt performance for 
all sample times that were evaluated. Composite NAVSTAR frcqi~erlcy ~t~ability and 
time-prediction uncertainty plots are included that summarize rlock ar~alysis rcsulta 
for NAVSTAR clocks using sample times that vary from one-clay to 100-days. All of 
the NAVSTAR clocks analyzed in this report meet the GPS one-day specification for 
frequency stability performance. 
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INTRODUCTION 

The NAVSTAR Global Positioning System (GPS) is a space-based navigation satellite system which, 
when operational in the early 1990's, will povide accurate navigation and time information to  users 
anywhere on the Earth's surface, or in near-Earth orbit. A constellation of 21 satellites, with three 
on-orbit spares, will be tracked by a network of GPS Monitor Stations (MS) and controlled from the 
Master Control Station (MCS). GPS will provide a near-instantaneous navigation capability because 
each NAVSTAR Spacecraft Vehicle (SV) clock is synchronized to a common GPS time. Each N14VS- 
TAR clock must then maintain GPS time until the next update by the MCS, therefore NAVS'TAR 
clock performance is critical to the GPS mission. 

The Naval Research Laboratory (NRL) determines on-orbit NAVSTAlt GPS clock performance using 
a procedure as depicted by the Figure 1. The goal of the NRL NAVSTAR clock analysis is to separate 
the clock offset from the orbit and other system effects that are present in the GPS signal. Outputs from 
the clock analysis include frequency and aging histories, frequency-stability profiles, time-prediction 
uncertainty profiles, time-domain noise process analysis, spectral analysis, and anomaly detection. 
Events that perturb normal NAVSTAR or MS clock operation are of particular interest in thc clock 
analysis. 

The NRL on-orbit analysis['] represents total system errors super-imposed on the NAVSTAlt clock 
results, GPS system influences may either enhance or detract from actual clock performance. There- 
fore, deviations from a typical frequency-stability profile will be further ar~alyzed to identify GPS 
clock, ephemeris, or other factors. 

The following table presents the NAVSTAR number, SV number, clock identification, clock type and 
data span for each of the NAVSTAR clocks included in this analysis. 

NAVSTAR CLOCK DATA 
DATA SPAN: 1 Jan 1986 to 31 December, 1988 

NAV SV CLOCK CLOCK DATA SPAN 

# # ID TYPE t l  t2 t2-tl 
MJD MJD days 

3 6 19 Rb 6431 7526 1095 
4 8 18 Rb 6431 6678 247 
6 9 14 Rb 6431 7526 1095 

Cs 
11 Cs 

The NAVSTARs are referenced by both NAVSTAR numbers (column # 1 ) and NAVSTAR SV nurribers 
(column #2 ). Column #3 presents the NAVS'I'AR clock indcntification number. The clock type is 
abbreviated by C s  for a cesium clock and by Rb for a rubidium clock. The  starting and stop dates for 
the data span are expressed in Modified Julian Days (MJD), and the data span is expressed in days. 

Reference to  the table shows that six of the eight NAVSTAR clocks have data sparis that are close to  



1000 days. The longer data spans will be used to evaluate clock performance with sarrlple times of up 
to 100 days. 

The NAVSTAR SVs included in this analysis are Block I models that do not have any degradation 
in the ephemeris or broadcast signal due to Selective Availability (SA). Thrce ol the four NAVSTAR 
rubidium clocks are of the early models that have significant temperature coefIicients; the fourth 
rubidium has additional temperature compensation. The four NAVSTAR cesium clocks are expected 
to have performance that is close to  the Block I1 NAVSTAR cesium clocks. 

PSEUDO-RANGE MEASUREMENT MODEL 

Measurements of pseudo-range (PR) are taken between signals dcrivccl frorr~ the NAVSTAR SV clock 
and the MS reference clock using a single-frequency, spread-spectrurrl receiver. Each measurement is 
corrected for equipment delay, ionospheric and tropospheric delay, earth rotation, relativistic effects, 
and the ephemeris offset is computed from the broadcast NAVSTAR cphcrnuris. The clock offset 
measurements are then aggregated and smoothed once per 13 minutxs. 

The equation that relates the pseudo-range measurement to the tirrle difference between the NAVSTAR 
clock and the reference MS clock is 

where 

PR is the measured pseudo-range, 
R is the slant range (also known as the gcornetric range) from the NAVSTAR 

at  the time of transmission to the MS at the time of reception, 
c is the speed of light, 

t~~ is the reference MS clock time, 

tsv is the NAVSTAR clack time, 

t~ is ionospheric, tropospheric, and relativistic delay, 
with corrections for antenna and equipment dclays, arid 

e is the PR measurement error. 

The NAVSTAR clock and the MS clock (or other reference clock) er~ters the PI?, rneasurerncnt as the 
difference between NAVSTAR clock time tsv and MS clock time tMs .  Rccausc the referer~ce MS clock 
tMs enters directly into the measurement the stability of t h e  MS reference clock must be considered in 
the NAVSTAR clock analysis. For the measurements that are referenced to thc IJSNO Master Clock 
#2 the stability of the USNO time-scale is significantly better than that of an iriclividual NAVSTAR 
clock for sample times of 1 to 100-days. 

It should be noted that NAVSTAR clock time is used with ttic (.lock cocficients that are broadcast as 
part of each NAVSTAR navigation message to compute CPS tirnc. 'I'hr NAVSTAR clock tirrle(for each 
NAVSTAR) is measured and controlled by thc GPS hTCS t o  t ) t l  wi t l i i r~  1)lus or rninus one rllillisecond 
of GPS timc. 

NAVSTAR CLOCK MODEL 

The pseudo-range measurements that are taken between a NAVSTAR SV arid a GPS monitor site 
(or by any GPS user) are normally sampled by the reference MS clock (or thc ust:r rcfcrcncc clock) 



at  the discrete times t ~ s  = t k .  The clock phase oflset between a NAVSTAR clock and the reference 
MS clock is obtained by solving the pseudo-range equation for the quantity (tsv - tMs), which is the 
difference between the NAVSTAR clock time and the MS clock tirne. 

(tsv - ~ M S )  = (Rlc  + t~ + e/c) - PR/c  

The time difference between the NAVSTAR clock and the MS clock, (tsv - tMs), is usually expressed 
in microseconds; the pseudo-range is a measure of distance expressed in kilometers or meters, and c 
is the speed of light expressed in a consistent set of units. 

The pseudo-range measurements are normally sampled at a uniform rate, therefore another variable 
x(tk) may be defined to denote the clock offset, sampled at time tMs = t k  by the MS clock. 

~ ( t k )  = ( ~ S V  - ~ M S )  

where k = 0 ,1 ,2 ,3 , .  . . , N (the number of clock measurements) 

Given two clock measurements, x(tj) and x(tk), which were sampled at  times ti and tk , the sample 
time r is defined as 

r = (tk - t j)  

In time-domain analysis, the performance of a NAVSTAR clock will be analyzed as a function of r ,  
the sample time. In frequency-domain analysis, the independent variable is the Fourier frequency. 

The average clock rate can now be computed using a variable known as thc avcrage fractional-frequency 
ofset, as defined by the following equation. 

The fractional-frequency offsct y(t) will be analyzed as a function of t , i r r i c  to dctcrmine NAVSTAR 
clock coefficients, and anomalies such as frequency discontinuities or cnvirnnmcntally induced fre- 
quency fluctuations. 

TIME-DOMAIN STABILITY ANALYSIS 

NAVSTAR clock performance in the time-domain is characterized through the use of a frequency- 
stability The time-domain measure of frequency-stability used in this analysis is the Allan 
variance[3]. Time-domain clock performance paramctcrs can bc rclatcd to  the Allan variance b:y the 
following equation. 

In this equation, T is the sample time, u, is the square root of the variance of the fractional-frequency 
measurements ~ ( t ) ,  the coefficient a varies with each type of clock and the random noise process 
type, p depends on the random noise process type. The variance r7i(r) is defined as an infinite average 
which is estimated using successive triplets of clock phase rneasurcrnent,s or pairs of fractional frquency 
offset measurements separated by the sample time r .  Confidence intervals are then computed for each 
stability measurement according to the random noise process type and t,he number of samples. 

The random clock phase or frequency fluctuations for quartz, rubidium, cesiurn, and hydrogen clocks 
can be modeled by an appropriate combination of five types of random noise processes. A typical 



frequency-stability profile is presented in the Figure 2, The dependent variable preserltcd is u v ( r )  (the 
square root of the Allan variance) as a function of sample time, r .  

Once a clock has been characterized through a frequency-stability analysis, tljc frequency-stability 
profile may then be used t o  estimate a clock's time-prediction performance. Thc time-prediction 
uncertainty is computed using optimal two-point prediction that  can bc related to the frequency- 
stability by the following equation. 

In this equation u2(r) represents the NAVS'I'AR clock phase time-predictior~ uncertainty, ny(r) r e p  
resents the NAVSTAR frequency-stability, and r represents the sample time or the NAVSTAR clock 
update time. 

This time-prediction model indicates that  the long-term time-prediction performance is driven by 
the product of the clock update time and the frequency-stability. Therefore, the frequency-stability 
is also related to  time-prediction uncertainty. The length of time between NAVSTAR clock updates is 
determined by GPS performance requirements, hence improved frcqucncy-stability is the pararrleter 
that  will improve GPS time-prediction performance. 

Sets of clock measurements may now bc analyzed to  determine l o t h  dct,crministic and random corn- 
ponents of NAVSTAR clock performance. These clock measurements also contain residual ephemeris, 
environmental, and system effects. 

NAVSTAR PHASE/FREQUENCY DISCONTINUITY 
ANALYSIS 

The primary reason for applying the phase or frequency cliscontinuity corrections is so that sample 
times from 1 day up to 100 days, or more, may be nscd in the stability analysis. Ot,t~c,rwisc the clock 
data  would have to  be partitioned a t  cvcry discontinuity, which woul(l in  turn reduce the longcst 
possible sample time that  could be computed. 

Clock phase offset measurements cornputed from smoothed pseutlo-rangc ~neasurernents taker1 l)(:t,ween 
the NAVSTAR-03 and USNO are presented in Figure 3. Eadl rricasurement is time-taggcd using three 
related time scales which are: 

(a) Modified Julian day (MJD) for the lower time axis 

(b) the day-of-year is on the upper time axis 

(c) the calendar month and year are on the upper tirne axis 

The clock data  is nominally sampled a t  a rate of once per sidcrcnl day  at  the point of closcst approach 
of the NAVSTAR to  the ground MS. This choice results in sa~npliri~; tlic TAVS'rAlt-SV clock ofSsct a t  
the same place in the 12-sidereal hour GPS orbit. This procc:clurr also insures t h t  t,hc NAVSrl'AII- 
SV clock parameters and stability are deterrnincd, except for rriissir~g nt~srrvatic-)ns, using a uniformly 
sampled database. 

Analysis of the NAVSTAR-03 phase data  indicates piecewise cont in~~ous  clock data with t t~rcc  phase 
discontinuities and a negative slope for each segment. Thcse disc on ti nu tic:^ in thc clock data can be 
caused by normal GPS operations such as NAVSTAR time or frcqucncy adjustments or MS clock 
resets, therefore these discontinlrities do not represent the normal unpcrt,urt)cci clock behavior. As 
part of the NAVSTAR clock analysis the amount of each discontinuity is estirnrttcd and a search is 



made to  find a reason for each discontinuity in the clock data. The phase discontinuity correction 
procedure will now be presented for a typical phase discontinuity that was present in the (USNO vs 
NAVsTAR-03) clock data. 

The NAVSTAR-03 vs USNO clock data in the neighborhood of one phase discontinuity that was 

detected is presented by the Figure 4. The time of the phasc discontinuity was estimated to be 
MJD 6525.483 (5 April, 1986). The clock phase data was partitioned into subsets delineatctl by the 
discontinuity, The clock phase offset was then predicted at the time of thc discontinuity using the 
two subsets; the difference between these two predictions yields the clock phase discontinuity. 'rhe 
corrected clock phase data is presented by the Figure 5. The time of the discoritirluity is indicated on 
the figure with an arrow. The values of the phase correction (0.444303 microseconds) and frequency 
correction which in this case is zero, are plotted adjacent to the arrow. The clock phase data is now 
continuous within the interval analyzed. 

All data prior to  the discontinuity has been corrected, which can be seen by comparing t2hc NAVSTAR- 
03 clock data before and after the discontinuity correction. This discontinuity correction procedure is 
repeated until all significant phase discontinuties have been detected arid corrected. The error in the 
clock phase discontinuity correction procedure can be related to the clock prediction performance at  
a sample time of r / 2  days. 

The fractional-frequency offset was computed using pairs of clock phasc rncasurements separated in 
time by one sidereal day. Figure 6 presents the NAVSTAR-03 fract,ior~al-frequency as a function of 
time. 

Analysis of the NAVSTAR-03 frequency offset data indicates an overall negative slope with large 
frequency fluctuations that appear to be periodic. Previous NRT, analyses have dct,crrnined that 
the NAVSTAR-03 rubidium clock frequency was sensitive to  temperature changes that occur in the 
NAVSTAR spacecraft. The temperature coeficient was determincd to be 1.96 x 10-l2 pcr degree 
Celsius. The onset and departure of each NAVST'AR-03 eclipse cycle has been plotted using two 
vertical. lines with a shaded fill during the eclipse season. A total of six eclipse cyclcs occured during 
the three year data span. Analysis of the frequency data that ended in May, 1986 and the following 
eclipse cycle (beginning in late September, 1986) indicated that a frequency discontinuity occured on 
MJD 6613. The observation that a frequency discontinuity had occured was determined by extracting 
subsets of data during 1986, 1987, and 1988 that are partitioned using a nominal onc-ycar partition 
size. 

The amount of the NAVSTAR-03 frequency discontinuity was determined by iteratively analyzing the 
frequency offset data for the value of the discontinuity, applying the correction, and then analyzing 
the corrected frequency offset data. The total amount of the frequency discontinuity determined was 
-1.75 x 10-12. 

Closer examination of the NAVSTAR-03 frequency data indicates rapid changes in frcqucncy offset 
occurs a t  the onset of the NAVSTAR-03 eclipse season. Rapid changes in frequency also occur at 
the end of the eclipse seasons. The observed frequency changes are on the order of 1.0 x 10-l2 to 
3.5 x 10-12. Because of the correlation with the eclipse season and thc t,ernperature sensitivity of the 
NAVSTAR-03 rubidium clock, these data are treated as normal behavior and will be included in  the 
subsequent NAVSTAR-03 st ability analysis. 

Additional frequency corrections were made for a series of small rate corrections that were made by 
the USNO to coordinate their Universal Time Coordinated (UTC) time scale with an international 
time scale. These rate corrections affect all NAVSTAR clock measurements made by USNO. The 



NAVSTAR-03 versus USNO clock data  that  includes the USNO rate corrections is prcsc:ritcd by 
Figure 7. 

The NAVSTAR-03 versus USNO clock offset with all corrections applied is presented 1)y Fig~lrc 8 and 
the fractional frequency offset presented by Figure 9. The corrcctcti r1:itn will bc used to  cornpute long 
term clock coefficients and frequency-stability. 

The NAVSTAR-10 versus USNO raw phase offsets is prcscntcd by F1g11i-e 10. Nn phase nr frequency 
discontinuities were detected in this data  during the entire three ]ear daLa span. The IJSNO rate 
corrections were the only corrections that  were made to the XAVSTAR-I0 vcrsr~s USNO data. The 
NAVSTAR-10 frequency offset data  is presented by Figure 11 with the eclipse cycles highlighted. It 
is clear that  a significant improvement exists between the earlier XAVSTAR rubidium clocks and the 
NAVSTAR-10 cesium clock. The corrected NAVSTAR-10 versus IXNO clnck is presented by Figure 
12. Cornparsion of the data  without the USNO rate correctior~s ~,Figrlro 10) and with the  USNO 
rate corrections indicates no detectable difference for this scale factor. The corrected XIZVSTiZR-10 
versus USNO clock data  was used to compute the long term clnck parameters, frequency-stability, 
and time-prediction uncertainty results. 

NAVSTAR LONG TERM AGING RATE ANATdYSIS 

Each NAVSTAR spacecraft carries atomic clocks that  are ust:d as t,irric and frcqucncy references for 
GPS and t o  determine the epochs of the transmitted waveforms. The pllysics of atomic clocks indicates 
that  the frequency of these clocks should remain invariant, ie, not changc with time. The clock aging 
parameter gives a measure of how quickly a NAVSTAR clock dcpart,s frorri a rcfcrcnce clock. 

The departure of a NAVSTAR clock from an initial frequency that  is witllin GPS spucificiitiorls irr11)acts 
GPS operation in a t  least two ways. 

The first way NAVSTAR clock aging impacts GPS opcratinn deprnds nn how well the ai;ing rate 
parameter has been estimated. Stability results indicate that  an urlcorrcctrd aging rate tcrm on the 
order of 1 x 10-13/day can have a measurable impact of clock performance. This can be seen by 
comparing (Figure 13) the NAVSTAR-08 rubidium frequency-stability rr:sults with arid witjhout an 
aging rate correction. The uncorrected aging rate of -1.3 x 10-~"/d~ results in a measurt~cl st,al)ility 
of 1.4 x 10-l3 for a 1-day sample time. The aging-rate corrected stability is 8.9 x 10-'Vor a I-day 
sample time. It follows that  an uncorrccted aging rate on the order c,f 3 x would drive the 
stability over the GPS 1-day specification and cause unacceptable pcrforrrl:irlrc:. 

For an uncorrected aging rate term on the order of 1 x 10-l5 ,'day thr ~ m p a r t  of aging rate on stability 
is significantly reduced. This can be dcmonstratcd using the NAVSTATC-10 cesiurri irequcr~cy-stability 
results with and without an aging rate correction (Figure 14) ' I ' h f ' r~  is n o  ~r~ensurable riiffurcrlcc u p  
to a sample time of 15-days between the rrlt:asurt:d I-day st ability u-lthout an aging rat,(, c:orrc:ct,ion 
and with an  aging rate correction for t h c  NAVSTAlt-10 long terrr~ agirlg ratc: o f  -1 -1 x 10-15/day. 
The impact of the -1.1 x 10-15/day aging rate is so srrlall (,hat the frequency-stability va1uc.s arc still 
less than 1 x 10-I' for a 100-day sample time. 

The second way aging impacts GPS operation is that  a rt:lat,ively large aging rate causvs arly initial 
frequency offset to  drift away from the GPS time and frequency lirrl~r,~. F~~rthcrrrinrc each fiAVSrl'AR 
clock reset by a Z-adjust or C-field tune requires a rc-estimation of the all clock parar~~c~tc,rs. The 
amount of time required to  accurately determine thc NAVSTAtt aglng rate parameter is or1 the ortlcr 
of one week or more. 



The NAVSTAR long-term aging performance was further analyzed by computing the aging as a 
function of sample length. The NAVSTAR 30-day sample length aging results will be presented using 
the same scale factor for the NAVSTAR-08 rubidium clock and the NAVSTAR-10 cesium clock. 

The NAVSTAR43 rubidium clocks shows significant periodic changes in aging that are presented 
by the Figure 15. The amplitudes of the 30-day aging for this rubidium clock are on the order of 
1,3x 10-13/day. The periodic changes in aging are (probably) driven by the rubidium clock's sensitivity 
to temperature as has been previously noted. 

The NAVSTAR-10 one-day corrected frequency offset data is presented in Figure 16. The slope of 
this frequency data is the long term aging. 

The NAVSTAR-10 cesium 30-day aging results without the ecIipse cycles highlighted arc presented 
by Figure 17. By comparison with the NAVSTAR-03 data i t  is clcar that there is a significant 
improvement in temperature changes that occur during the NAVSTAR eclipse cycles. 

Comparison between the NAVSTAR rubidium results and the NAVSTAR cesium results indicates a 
significant improvement in aging performance for the cesium clocks. 

NAVSTAR STABILITY ANALYSIS 

The frequency-stability was computed using sample times that varied according to  the amount of 
clock data available during the three year data span. Six of the (USNO vs NAVSTAIL) clock pairs 
had close to 1000 days of data. The remaining two clock pairs had a limited amount of data that 
restricted the sample times that could be computed with high confidence. 

The composite frequency-stability profile plot (Figure 18) includes stahility results for eight clocks 
pairs. All of the eight clock pairs had frequency-stabilities that are better than the G P S  Block I 
one-day frequency-stability specification limit of 2 x 10-13. 

Time-prediction uncertainty results were computed using the aging-corrccted frequency stability pro- 
file for each clock pair. The clock times evaluated are the same as the sample tirnes used for each 
clock pair. 

All clock pairs evaluated indicate a time prediction uncertainty that was in the 11 to 21 nanoseconds 
range for a 1 day clock update time. The time-prediction unccrtainty for longcr clock update times 
indicated significant differences between the NAVSTAR cesium and rubidium clocks. 

Ensemble cesium frequency-stability and time-prediction uncertainty results were cornputcd for the 
NAVSTAR cesium clocks by averaging the individual stability-variances and the time-prediction re- 
sults. The ensemble NAVSTAR cesium frequency-stability and tirric-prediction llncertainty results 
are as follows. 

* 1.6 x 10-l3 for a 1-day sample time 
* 4.0 x 10-l4 for a 10-day sample time 
* 6.0 x for a 100-day sample time 

* 19 nanoseconds for a 1-day sample time 
* 52 nanoseconds for a 10-day sample time 
* 577 nanoseconds for a 100-day sample time 



NAVSTAR CLOCK ANALYSIS CONCLUSIONS 

On-orbit (USNO vs NAVSTAR) clock analysis results were obtained using a three year database of 
clock data tha t  covers from 1 Jan, 1986 through 31 December, 1988. The results are summarized by 
the following table. 

NAVSTAR ON-ORBIT RESULTS 
DATA SPAN: 1 Jan, 1986 to 31 December, 1988 

NAV CLOCK frequency stability tirrlc-prediction data  span 
ID TYPE x 1 0 - l ~  X I O - ' ~  x10-l4 ns ns ns (lays 

1 day 10 days 100 days 1 day 10 dkys 100 days 

* All NAVSTAR clocks are better than the GPS Block T frequency-stability specification nf 2 x 
10-l3 for a 1-day sample time. 

* The NAVSTAR-08 rubidium clock shows a significant i1nprovc:rrlcnt over e;irlier rnodel rrihidium 
clocks with respect to  stability and reduced tcrnperaturt: scn~it~ivity. 

* All NAVSTAR cesium clocks show excellent frcquency-sta1)ilj ty per fort   lance t1i;it) varies from 
1.7 x 10-l3 for a one-day sample time to 6.0 x 10-l4 or Icss for a I(1O-clay sarriplc time. The 
ensemble cesium time-prediction uncertainty results arc from I9 nanoseconcls for a I-clay clock 
update to  577 nanoseconds for a 100-day clock update. 
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